ABSTRACT. TWEAK and APRIL are important members of the TNF superfamily, which play a crucial role in several diseases. Here, we describe the identification of grass carp (Ctenopharyngodon idella) homologs of TWEAK and APRIL (designated gcTWEAK and gcAPRIL, respectively) and their response to Aeromonas hydrophila and Aquareovirus infection. The gcTWEAK cDNA sequence contains 2273 bases with an open reading frame of 753 bases encoding 250-amino acid residues. The gcTWEAK protein contains a predicted transmembrane domain, a putative furin protease cleavage site, 3 conserved cysteine residues, and a typical TNF homology domain. The gcAPRIL cDNA sequence contains 1408 bases with an open reading frame of 747 bases encoding 248-amino acid residues. The gcAPRIL protein contains a
INTRODUCTION
The tumor necrosis factor (TNF) superfamily of cytokines represents a wide group of proinflammatory cytokines, which activate cellular signaling pathways involved in cell survival, inflammation, apoptosis, lymphocyte homeostasis, and cellular differentiation (Wiens and Glenney, 2011) . At present, about 19 members of this superfamily have been reported in mammals (Zhu et al., 2013) . The TNF-like weak inducer of apoptosis (TWEAK; also named TNFSF12, Apo3L, and CD255) and a proliferation-inducing ligand (APRIL; also named TNFSF13a, TALL-2, TRDL-1, and CD256) proteins are important members of the TNF superfamily. TWEAK acts both as a homotrimeric type II transmembrane protein and a cleaved soluble molecule. It is cleaved at the cell surface by furin, a convertase that processes many inactive precursors including hormones, growth factors, and receptors (Molloy et al., 1999) . This processing at the furin cleavage site, which is located on the N-terminal side of the TNF homology domain, permits the release of a soluble form of TWEAK, which weakly induces apoptosis and plays a role in angiogenesis (Jakubowski et al., 2002) . TWEAK acts as a ligand to a TNF receptor superfamily member, fibroblast growth factor-inducible molecule 14 (Fn14). The TWEAK protein in vertebrates contains a transmembrane domain, a furin cleavage site, and 3 conserved cysteine residues. When not fused to APRIL, the full-length TWEAK is a multifunctional cytokine, regulating cell proliferation, differentiation, migration, apoptosis, angiogenesis, and inflammation (Winkles, 2008) . Based on the cell type, TWEAK induces apoptosis through caspase-dependent or -independent pathways and can provoke cathepsin B-mediated necrosis as well (Gao et al., 2009) .
APRIL is a homotrimeric type II transmembrane protein that also exists in a soluble form that is derived from the intracellular cleavage of the full-length protein (Hahne et al., 1998) . APRIL does not exist in a membrane-bound form, but it is processed within the Golgi apparatus by a furin pro-protein convertase before secretion of the biologically active form (López-Fraga et al., 2001 ). The APRIL protein in vertebrates contains a transmembrane domain, a furin cleavage site, and 2 conserved cysteine residues (Hahne et al., 1998; Cui et al., 2012; You et al., 2012) . It is closely related to the B-cell activating factor (BAFF), which is another member of the TNF superfamily. Both APRIL and BAFF bind with high affinity to 2 members of the TNF-receptor superfamily, transmembrane activator and cyclophilin ligand interactor and B-cell maturation antigen Bossen and Schneider, 2006) . APRIL, BAFF, and their receptors (termed the BAFF/APRIL system) play important immunological roles in vertebrates, especially in the B-cell arm of the immune system (Mackay et al., , 2007 . Although APRIL is expressed in macrophages, monocytes, dendritic cells, and lymphoid cells, it is also abundantly expressed in cells outside the immune system, including osteoclasts and tumor tissues where it is directly secreted without cell-surface expression (Hahne et al., 1998; Moreaux et al., 2004) . APRIL has the ability to stimulate the proliferation of various tumor cell lines including Jurkat T cells and MCF-7 carcinoma cells. It also stimulates the proliferation of B and T cells, and it serves an important role in immunological responses, such as B-cell survival, immunoglobulin secretion, isotype switching, and T-independent antibody responses (Castigli et al., 2004; Dillon et al., 2006; Mackay et al., 2007) . In human, the TWEAK gene is positioned 878 bp upstream of the APRIL gene. APRIL can be attached to the cell surface with TWEAK, which is called TWE-PRIL, and share receptors (Zhu et al., 2013) . These factors form a network of mediators that interact with an overlapping set of receptors.
Grass carp (Ctenopharyngodon idella) is one of the most important aquaculture species in the world. However, this fish is highly susceptible to bacterial and viral pathogens, especially Aeromonas hydrophila and Aquareovirus (Jang et al., 2010; Zhang et al., 2010c) . A better understanding of the immune defense mechanisms of grass carp and the identification of crucial genes might be the key steps to the development of management strategies for disease control and long-term sustainability of grass carp farming. Although TWEAK and APRIL play important immune roles in mammals, their disease-specific roles in teleost fishes have not been well studied. In this study, we identified the grass carp ortholog of the mammalian TWEAK and APRIL genes and analyzed their expression profiles in response to bacterial and viral infections. We demonstrate that the grass carp TWEAK and APRIL genes are predominantly expressed in the immune tissues such as skin, spleen, and head kidney, and they are important immune genes against A. hydrophila and Aquareovirus infections.
MATERIAL AND METHODS

Fish rearing, microbial challenge, and sampling
Adult and juvenile grass carps were obtained from the Nanhui Fish Farm of Shanghai and acclimated in a circulating water system at 25°C for 1 week. For full-length cDNA cloning and expression analysis, various tissues including gill, brain, muscle, skin, liver, trunk kidney, head kidney, heart, spleen, intestine, and blood were collected from 4 adult grass carp that were about 2500 g in size. All animal experiments were performed with the approval of the Shanghai Ocean University Animal Care and Use Committee and in full compliance with its ethical guidelines.
Challenge experiments were conducted as previously described by Liu et al. (2010) . For the bacterial challenge experiment, 32 juvenile fish that were about 100 g in size were evenly divided into 2 groups (challenged and control) and cultured under similar conditions in a circulating water system at 25°C. Fish from the challenged group were injected intraperitoneally with formalin-killed A. hydrophila S2 (obtained from the Aquatic Pathogen Collection Centre of Ministry of Agriculture, China) at a dose of 2.0 x 10 6 cells suspended in 100 µL phosphate-buffered saline (PBS) per fish; fish from the control group were injected with 100 µL sterile PBS per fish. Four fish were sampled 4 h and 1, 3 and 7 days post-injection from each group. Liver, kidney, spleen, gill, and skin samples were collected from each fish for total RNA isolation.
For the viral challenge experiment, 32 juvenile fish were evenly divided into 2 groups (challenged and control) and cultured under the same conditions in a circulating water system at 25°C. Fish from the challenged group were injected intraperitoneally with Aquareovirus (GCRV-JX01) (obtained from the Aquatic Pathogen Collection Centre of Ministry of Agriculture, China) at a dose of 1.0 x 10 7 TCID50/mL suspended in 200 µL PBS per fish; fish from the control group were injected with 200 µL sterile PBS per fish. Four fish were sampled 4 h and 1, 3, and 7 days post-injection from each group. Liver, kidney, spleen, gill, and skin samples were collected from each fish for total RNA isolation.
All tissues were flash frozen in liquid nitrogen during collection followed by storage at -80°C until RNA extraction. The total RNAs were isolated using TRIZOL reagent (Invitrogen, USA) following the manufacturer protocol. All RNA samples were treated with RNase-free DNase (TaKaRa, Japan), quantified on a Nanodrop 2000C spectrophotometer (Thermo Scientific, USA), and stored at -80°C.
Cloning of full-length gcTWEAK and gcAPRIL cDNA
First-strand cDNA was synthesized from the total spleen mRNA using the High Fidelity PrimeScript reverse transcription-polymerase chain reaction (RT-PCR) Kit (TaKaRa). A pair of primers for each gene (i.e., F: 5'-CAGGTGAATATGCAGCGTAAG-3' and R: 5'-GACTCTGGTTCTCATTGAAGTG-3' for gcTWEAK and F: 5'-TCTCCATCTGGTTCCT GTGTC-3' and R: 5'-TCAGCACCTGACTGTCAATG-3' for gcAPRIL) were designed based on the conserved coding region of the full-length cDNA sequences of zebrafish (GenBank accession No. NM_001076607 and NP_001161936, respectively) using the Primer Premier 6 program. The PCR program for gcTWEAK was as follows: 1 cycle of 94°C for 3 min; 30 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 2 min; and 1 cycle of 72°C for 10 min. The PCR program for gcAPRIL was as follows: 1 cycle of 94°C for 3 min; 30 cycles of 94°C for 30 s, 52°C for 30 s, and 72°C for 2 min; and 1 cycle of 72°C for 10 min. The PCR products were ligated into the pGEM-T easy vector (Promega, USA), transformed into competent Escherichia coli DH5α cells, plated on Luria broth-agar medium and incubated overnight at 37°C. Positive clones containing the insert with the expected size were identified by colony PCR. Five of the positive clones for each gene were picked and sequenced on an ABI PRISM 3730XL Automated Sequencer using BigDye terminator v3.1 (Applied Biosystems, USA).
To obtain the full-length cDNA sequence, 3'-rapid amplification of cDNA ends (RACE) and 5'-RACE were performed by nested PCR using gene-specific primers and universal primers (Table 1 ). The RT-and RACE-PCRs were conducted with the SMART RACE cDNA Amplification Kit and Advantage 2 PCR Kit (Clontech, Palo Alto, CA, USA). The PCR conditions for the 3'-RACE was 1 cycle of 94°C for 3 min; 30 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 2 min; and 1 cycle of 72°C for 10 min. Similarly, the PCR conditions for the 5'-RACE was 5 cycles of 94°C for 30 s and 72°C for 3 min; 5 cycles of 94°C for 30 s, 70°C for 30 s, and 72°C for 3 min; and 25 cycles of 94°C for 30 s, 68°C for 30 s, and 72°C for 3 min. PCR products were cloned and sequenced as described above.
Bioinformatic analysis
The nucleotide and amino acid sequence identity were performed using the Basic Local Alignment Search Tool program (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The open reading frame (ORF) of gcTWEAK and gcAPRIL cDNAs were predicted using the ORF Finder (http://www.ncbi.nlm.nih.gov/projects/gorf/). The deduced amino acid sequence was analyzed with the Expert Protein Analysis System (http://www.expasy.org/), and the predicted transmembrane domain was based on the TMHMM Server v. 2.0 program (http://www.cbs. dtu.dk/services/TMHMM/). The putative furin cleavage site was identified using ProP 1.0 Server (http://www.cbs.dtu.dk/services/ProP/). The needle program (http://www.ebi.ac.uk/ Tools/emboss/align/) was used to determine the identities between different sequences. Multiple-sequence alignments were performed using the CLUSTALW 1.8 program (Jeanmougin et al., 1998) . The phylogenetic tree was constructed based on the deduced full-length amino acid sequences using the neighbor-joining algorithm in MEGA version 4.1, and the analysis reliability was assessed by 1000 bootstrap replicates.
Real-time quantitative (q)PCR analysis
For real-time qPCR, first-strand cDNA was synthesized from total spleen RNA using the PrimerScript First-Strand cDNA Synthesis Kit (TaKaRa) following manufacturer instructions. Primers were designed based on the gcTWEAK and gcAPRIL cDNA sequences presented in this study (Table 1) . A 10-fold dilution series of cDNAs containing target gene fragments was used to construct standard curves. The amplification efficiency was measured from the regression slope of the standard curve. Only the primer pairs that had a single peak in the melting curve analysis and displayed an amplification efficiency close to the theoretical 100% were retained for further use. The amplification of grass carp β-actin mRNA was performed to confirm the steady-state level of expression of a housekeeping gene and to serve as an internal control for the gcTWEAK and gcAPRIL gene expression analysis. The reaction consisting of the same reaction mixture without template was conducted as a negative control. Real-time qPCR was performed in triplicate for each sample using SYBR Premix EX Taq (TaKaRa) on a CFX96 TM Real-Time System (BIO-RAD, USA). The PCR parameters for both genes were as follows: 95°C for 3 min, 39 cycles at 95°C for 5 s and 60°C for 30 s, and a dissociation curve analysis of 5 s per step from 65° to 95°C. Relative expression analyses were based on the level of gcTWEAK and gcAPRIL gene expression normalized against β-actin according to the 2 -△△Ct method (Livak and Schmittgen, 2001) . Table 1 . Oligonucleotide primers used to amplify the gcTWEAK and gcAPRIL genes.
Primer gcTWEAK sequence (5'-3') gcAPRIL sequence (5'-3') Application
Statistical analysis
Data from the real-time qPCR were analyzed statistically by analysis of variance using SPSS (version 16.0) statistical software (SPSS Inc., USA). Differences between means were considered to be significant at the 95% confidence level (P < 0.05). All data are reported as means ± standard error (SE).
RESULTS
Analysis of gcTWEAK and gcAPRIL cDNA
Full-length cDNAs encoding gcTWEAK and gcAPRIL from C. idella were obtained through RT-PCR and RACE (GenBank Accession Nos. KF267443 and KC759144, respectively). The gcTWEAK cDNA consisted of 2273 nucleotides, which encoded a protein of 250 amino acids with a calculated molecular mass of about 28.663 kDa and theoretical isoelectric point (pI) of 10.22. The gcTWEAK protein contained a predicted transmembrane domain (TMD) of 23 amino acids (residues 29-51), a putative furin cleavage site (RFRR; position 98), 3 conserved cysteine residues (Cys165, Cys191, and Cys212), and a TNF domain spanning amino acid residues 120 to 249 ( Figure 1A) .
The full-length cDNA of gcAPRIL consisted of 1408 nucleotides, which encoded a protein of 248 amino acids with a calculated molecular mass of about 28.131 kDa and pI of 9.26. The gcAPRIL protein contained a predicted TMD of 23 amino acids (residues 21-43), a putative furin cleavage site (RKRR; position 108), 2 conserved cysteine residues (Cys194 and Cys209), and a TNF domain spanning amino acid residues 114 to 248 ( Figure 1B ).
Multiple-sequence alignment and phylogenetic analysis
In order to study the evolutionary relationship of gcTWEAK and gcAPRIL with other known teleost TWEAK and APRIL proteins, amino acid sequences corresponding to representative orthologs from several species were aligned with those of gcTWEAK and gcAPRIL using the ClustalW software. The deduced amino acid sequence of gcTWEAK showed high homology with the TWEAK sequences of other teleosts in the GenBank database, such as Danio rerio (91.0% similarity), Oryzias latipes (74.0% similarity), and Takifugu rubripes (73.0% similarity). Similarly, the deduced amino acid sequence of gcAPRIL showed high homology with D. rerio (73.0% similarity), Salmo salar (63.0% similarity), and Oncorhynchus mykiss (63.0% similarity).
The phylogenetic tree was divided into 2 different groups with one containing TWEAK sequences and the other containing APRIL sequences. Each of the TWEAK and APRIL groups also had 2 distinct clades with one containing all teleost fish sequences and the other containing mammalian and avian sequences. gcTWEAK and gcAPRIL were clustered with orthologous teleost proteins, and they were most similar to the D. rerio orthologs (Figure 2) . Amino acid sequence alignment of TWEAK from several teleost species using ClustalW 1.8. Identical amino acids among all sequences are indicated by asterisks whereas those with high and low similarity are indicated by colons and periods, respectively. The putative transmembrane domain (TMD) is indicated by a dotted line above the sequence and the 3 conserved cysteine residues among the soluble regions are marked with red shading. The furin cleavage site is marked with gray shading. The underlined sequence is the conserved TNF homology domain (THD) of TWEAK. The GenBank accession numbers of the sequences used for the alignment are as follows: Zebrafish, NP_001070075.1; Nile tilapia, XP_003449424.1; Fugu, XP_003966992.1; Medaka, XP_004079870.1; and Moonfish XP_005814005.1. B. Amino acid sequence alignment of APRIL from several teleost species using ClustalW 1.8. Identical amino acids among all sequences are indicated by asterisks whereas those with high similarity are indicated by colons. The putative TMD is indicated by a dotted line above the sequence, and the 2 conserved cysteine residues among the soluble regions are marked with red shading. The furin cleavage site is marked with gray shading. The underlined sequence is the conserved THD of APRIL. The GenBank accession numbers of the sequences used for the alignment are as follows: Zebrafish, NP_001161936.1; Rainbow trout, NP_001118143.1; and Salmon, NP_001135076.1.
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Expression of gcTWEAK and gcAPRIL mRNA in different tissues
The gcTWEAK and gcAPRIL mRNA expression levels in 11 tissues of normal fish were examined using real-time PCR normalized against β-actin levels. A dissociation curve showing a single peak at the melting temperature that was expected for that amplicon suggested specific amplification. Expression was determined as fold-increase 2 -△△Ct levels relative to the tissue with the lowest expression set to 1. As shown in Figure 3A , the gcTWEAK mRNA transcripts were expressed in a wide range of tissues with a varied pattern of expression. The highest expression was observed in the skin (55.3-fold), followed by spleen (31.7-fold) and head kidney (20.2-fold) (P < 0.05); its expression was very low in the liver (the calibrator), heart (3.3-fold), and trunk kidney (3.4-fold) ( Figure 3A) . Similarly, the gcAPRIL mRNA tran- scripts were highly expressed in the skin (14.4-fold), followed by spleen (10.1-fold) and head kidney (6.0-fold) (P < 0.05); its expression was very low in the muscle (the calibrator), gill (1.3-fold), and brain (1.6-fold) ( Figure 3B ). The expression patterns of gcTWEAK and gcAPRIL mRNA were investigated in the gill, liver, spleen, kidney, and skin of grass carp 4 h and 1, 3, and 7 days post-injection with A. hydrophila using real-time PCR. The relative expression was determined as fold-changes relative to the PBS-injected control samples. After infection with A. hydrophila, both gcTWEAK and gcAPRIL mRNAs were upregulated in a tissue-specific manner. The gcTWEAK expression was significantly upregulated in gill, liver, kidney, and skin 4 h post-challenge (P < 0.05), whereas it was significantly upregulated in spleen 3 days post-challenge ( Figure 4A ). The highest upregulation was observed in liver (4.6-fold) and spleen (3.2-fold) 4 h and 3 days post-challenge, respectively. In most tissues, the high level of gcTWEAK mRNA expression continued up to 3 days after the challenge and returned to almost normal levels after 7 days.
A similar pattern of expression of gcAPRIL mRNA was observed in the gill, liver, spleen, kidney, and skin of grass carp. Its expression was significantly upregulated in gill, liver, spleen, and kidney 4 h post-challenge (P < 0.05), whereas it was significantly upregulated in skin 3 days post-challenge ( Figure 4B ). The highest upregulation was observed in liver (8.6-fold) and spleen (6.3-fold) 4 h post-challenge. In most tissues, the high level of gcAPRIL mRNA expression continued up to 3 days after the challenge and returned to almost normal levels after 7 days. The expression patterns of gcTWEAK and gcAPRIL mRNA were investigated in the gill, liver, spleen, kidney, and skin of grass carp 4 h and 1, 3, and 7 days post-injection with Aquareovirus using real-time PCR. The relative expression was determined as fold-changes relative to the PBS-injected control samples. A significant upregulation of gcTWEAK expression was observed in all tissues tested after Aquareovirus infection (P < 0.05; Figure 5A) ; however, the expression pattern was different among tissues. In gill, spleen, and skin, the level of gcTWEAK transcript was significantly upregulated 1 and 3 days post-challenge, whereas it was significantly upregulated in liver and kidney 4 h post-challenge. The highest upregulation was observed in gill (11.2-fold) and skin (5.4-fold) 3 days post-challenge. In most tissues, the gene expression returned to almost normal levels 7 days post-challenge. 
A B
A significant upregulation of gcAPRIL mRNA expression was observed in all tissues tested after Aquareovirus infection (P < 0.05; Figure 5B) ; however, the expression pattern was different among tissues. In liver, spleen, kidney, and skin, the level of gcAPRIL transcript decreased 4 h post-challenge, and then it was significantly upregulated 1 and 3 days postchallenge. The highest upregulation was observed in gill (38.0-fold) and skin (5.2-fold) 3 days post-challenge. In most tissues, the gene expression returned to almost normal levels 7 days post-challenge.
DISCUSSION
TWEAK and APRIL are important members of the TNF superfamily, which have a wide range of immune functions and contribute to the pathogenesis of several diseases through the upregulation of autoantibody production and maintenance of autoimmune phenomena. Although the cloning and functional analysis of TWEAK and APRIL genes have been well characterized in mammals (Hahne et al., 1998; Guan et al., 2007; Shui et al., 2008; Luo et al., 2011; Zhang et al., 2010a Zhang et al., ,b, 2011 You et al., 2012; ) , very limited studies have been conducted on these genes in bony fishes (Du et al., 2012; Min et al., 2012) . In this study, we report the cloning, expression analysis, and disease response of the TWEAK and APRIL genes from grass carp, a commercially important cyprinid fish. To our knowledge, this is the first cloning of the TWEAK and APRIL genes from grass carp, and we report a novel finding of their roles in A. hydrophila and Aquareovirus infections in fish. The gcTWEAK cDNA consists of an ORF of 753 bases with a coding capacity of 250 amino acids. A comparison of the gcTWEAK protein sequence with sequences from other vertebrates showed that many of the structurally and functionally important features were conserved in gcTWEAK, such as a predicted TMD of 23 amino acids, a putative furin cleavage site, and 3 conserved cysteine residues . The ORF cDNA of gcAPRIL consists of 747 bases encoding a polypeptide of 248 amino acids. Like gcTWEAK, the protein encoded by gcAPRIL contains a predicted TMD of 23 amino acids and a putative furin cleavage site; however, it contains only 2 conserved cysteine residues. By amino acid sequence alignments, gcAPRIL shares about 33% sequence identity in the TNF domain with grass carp BAFF; 32% identity was shared in the human orthologs (Schneider et al., 1999) . Similarly, gcAPRIL shares about 22% sequence identity in the TNF domain with gcTWEAK. The amino acid sequence comparison revealed that gcTWEAK and gcAPRIL are more similar to TWEAK and APRIL from zebrafish than from other teleosts. The absence of a signal peptide suggests that both gcTWEAK and gcAPRIL are type II transmembrane proteins, which is typical of the members of the TNF ligand family.
Phylogenetic tree analysis, based on the amino acid sequence alignment, showed that gcTWEAK and gcAPRIL proteins are clustered primarily with other corresponding teleost TWEAK and APRIL molecules, respectively (Figure 2 ). This is consistent with the results of previous studies in zebrafish (Du et al., 2012; Min et al., 2012) . Interestingly, for both TWEAK and APRIL, grass carp and zebrafish form a separate clade, indicating the unique characteristics of the Cypriniformes order of the teleosts. Based on the molecular characterization, multiple alignment, and phylogenetic results, we confirmed that the newly identified gcTWEAK and gcAPRIL proteins are the members of the TNF superfamily.
A protein's physiological function can be inferred from its tissue distribution pattern. Therefore, the constitutive mRNA expression patterns of gcTWEAK and gcAPRIL in different tissues were analyzed by real-time PCR normalized against β-actin levels. Interestingly, a similar expression pattern of gcTWEAK and gcAPRIL was observed in many tissues. The highest expression of both genes was observed in the skin, followed by the spleen and head kidney (P < 0.05; Figure 3A and B). The high expression of these genes in immunologic tissues such as skin, spleen, and head kidney indicates that TWEAK and APRIL in grass carp, as in mammals, might play a complex biological role in vivo. In teleost fish, the head kidney and spleen are considered to be the primary source of T and B cells (Salinas et al., 2011) . Thus, it is reasonable that these genes are highly expressed in spleen and head kidney. A similar expression pattern of TWEAK was reported in zebrafish (Du et al., 2012) . Because this is the first study to investigate the tissue-specific expression profiles of APRIL in fish, we could not compare our result with expression in other fish species. However, this result is consistent with results in human and most mammalian species, where higher expression of TWEAK and APRIL was observed in spleen (Hahne et al., 1998; Luo et al., 2011; Cui et al., 2012; You et al., 2012) . The higher expression of APRIL in head kidney in grass carp is distinct from the observation in most mammals. The most interesting finding in this study is the demonstration of the highest expression of gcTWEAK and gcAPRIL in skin. In our previous experiment, a similar high expression level of BAFF was observed in the skin of grass carp (Pandit et al., 2013) . The skin of fish is the first line of defense against several pathogens (Esteban, 2012) . The presence of B cells and their subsets (e.g., IgM) has also been reported in the skin of carp, catfish, and rainbow trout (Salinas et al., 2011) . Therefore, it is possible that TWEAK and APRIL is strongly present in the fish skin. Although there is no published information about the expression of TWEAK and APRIL in skin in teleost fishes, we also cannot explain why their expression should be so high in grass carp skin. Further studies are necessary to gather immunocytochemical evidence of the presence of TWEAK-and APRIL-expressing cells or their subsets in the skin. In this study, the gcTWEAK and gcAPRIL mRNA levels in liver were the lowest among the tissues tested. While liver is a known immune tissue, we cannot explain why TWEAK and APRIL expression was so low in grass carp liver.
The biological role of the TWEAK and APRIL proteins in fish is still unclear. Previous studies in higher vertebrates showed that APRIL provides survival and activation signals to normal B and T cells (Mackay and Ambrose, 2003) . The involvement of TWEAK in angiogenesis and inflammation is well known (Winkles, 2008) . In addition, these genes are highly expressed in several tumor tissues and stimulate the growth of tumor cells in vitro and in vivo. In order to identify the immune response of gcTWEAK and gcAPRIL in fish, we examined the expression profiles of these genes in 5 immune tissues after infection with A.hydrophila and Aquareovirus. The fold-change was calculated relative to the corresponding PBS-injected control samples. Our results demonstrated that the expression patterns of gcTWEAK and gcAPRIL mRNA varied in the tissues tested following challenge. Both gcTWEAK and gcAPRIL transcripts were significantly upregulated in gill, liver, trunk kidney, spleen, and skin after A. hydrophila challenge ( Figure 4A and B) . However, the upregulation of TWEAK was weaker than that of APRIL. The highest upregulation of both gcTWEAK and gcAPRIL transcripts was observed in the liver (4.6-and 8.6-fold, respectively) 4 h post-challenge. This indicates that liver is the most responsive tissue against bacterial infection. In most tissues, the high level of gcTWEAK and gcAPRIL gene expression continued up to 3 days and returned to almost normal levels 7 days post-challenge. Similar elevated mRNA and protein levels of TWEAK were reported in tissue from periodontal inflammatory disease in human (Kataria et al., 2010) .
The expression of gcTWEAK and gcAPRIL mRNAs was also induced after infection with Aquareovirus in all tissues tested. However, the upregulated expression appeared to be slower in response to Aquareovirus infection than A. hydrophila infection, and the highest response was observed 1 to 3 days post-challenge ( Figure 5A and B) . The highest upregulation of both gcTWEAK and gcAPRIL transcripts was observed in the gill (11.2-and 38.0-fold, respectively), followed by skin (5.4-and 5.2-fold, respectively) 3 days post-challenge. As in A. hydrophila infection, the gcTWEAK and gcAPRIL gene expression returned to almost normal levels 7 days post-challenge with Aquareovirus infection. These results of the highest upregulation of both gcTWEAK and gcAPRIL transcripts in the gill indicate that the gill is the most responsive organ against viral infection. The results that gcTWEAK and gcAPRIL expression levels are increased by bacterial and viral infection suggest that they are important immune genes that act against bacterial and viral pathogens. However, this study could not rule out the possibility that the higher expression levels of gcTWEAK and gcAPRIL are due to cell migration or any other physiological process. No previous reports on the tissue-specific expression of the TWEAK and APRIL genes after bacterial and viral challenge in fish are available; however, these expression patterns are similar to those observed in our previous investigation of grass carp BAFF expression after bacterial and viral challenge (Pandit et al., 2013) . He et al. (2003 He et al. ( , 2006 also reported that APRIL expression is upregulated by lymphoma-associated viruses, such as Epstein-Barr virus and human immunodeficiency virus. Similarly, in humans, increased levels of the APRIL protein in serum or target tissues have been described in a number of autoimmune conditions and are often correlated with disease progression (Mackay and Schneider, 2009) . Moreover, the observation that some viruses (e.g., poxvirus and adenovirus) encode proteins that antagonize TNF activity suggests that this cytokine plays a key role in antiviral immunity (Benedict and Ware, 2001) .
In summary, we successfully cloned the full-length cDNAs of TWEAK and APRIL from grass carp, analyzed the structure of the proteins, examined their phylogenetic relationship, and demonstrated their expression profiles in normal tissues and against bacterial and viral infections. Our study demonstrated that there are many structural and functional similarities between the gcTWEAK and gcAPRIL proteins. It also suggested that the gcTWEAK and gcAPRIL genes play a potentially important role in the immune system of grass carp. This article may provide the basis for investigations about the immune roles of TWEAK and APRIL genes in teleost fishes. Further studies are recommended for critical analyses, such as functional studies using recombinant protein.
